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Gene Therapy in Peripheral Blood 
Lymphocytes and Bone Marrow for 
ADA" Immunodeflcient Patients 

Claudio Bordignon,* Luigi D. Notarangelo, Nadia Nobili, 
Giutiana Ferrari, Giulia Casorati, Paola Panina, Evelina Mazzolari, 
Danieia Maggioni, Claudia Rossi, Paolo Servida, 
Alberto G, Ugazio, Fulvio Mavilio 

Adenosine deaminase (ADA) deficiency results In severe combined immunodeficiency, 
the first genetic disorder treated by gene therapy. Two different retroviral vectors were 
used to transfer ex vivo the human ADA minigene into bona marrow cells and peripheral 
blood lymphocytes from two patients undergoing exogenous enzyme replacement ther- 
apy. After 2 years of treatment, long-term survival of T and B lymphocytes, marrow cells, 
and granulocytes expressing the transferred ADA gene was demonstrated and resulted 
in normal izatlonof the immune repertoireand restoration of cellular and humoral immunity, 
After discontinuation of treatment, T lymphocytes, derived from transduced peripheral 
blood lymphocytes, were progressively replaced by marrow-derived T cells in both pa- 
tients. These results indicate successful gene transfer Into long-lasting progenitor cells, 
producing a functional multilineage progeny. 
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1. The currant EST database [dbEST release 091 495) 
from the National Centsr far Biotechnology Informa- 
tion (Betbesda. MD) contains a total of 322,225 en- 
tries, including 235.645 tram the human genome 
and 21 .CM 4 frorn Arab j'atyjsis.Accasa is available vie 
the World Wide Web (http:M/vww jicbi.nlm. nih.gov). 

2. E. M. MByerowitz and R. E Pry'iti, Stfanw ZSt9, 12U 
0985); R- 5- Pnjtt end E. M. Mwercwlte, J. Mot, Biot. 
1S7> 169(19&6)i I. Hvwngera/ufltenrJt 1 ,367 11991); 
P. Jarvls et at, , Plant Moi. So/. 24. BBS (1994): L. La 
Guen at si , Mot Can. Gene*. 245, 39Q (1fiB4). 

3. Shaion, tnasis. Stanford Lfnivaraity (19B5); 

and P. Q. Brown, in preparation. Microarraye were 
fabricated on pory-L-tysine-coated microscope 
slides (Sigma) with a custom-built arraying machine 
fitted with one printing tip. Thotip loaded 1 jil Off PCR 

product (05 mg/mi) from 96-w&il microliter p4ates 
and deposited -0.005 jil per slide on 40 slides at a 
spacing of 5D0 jim. The printed slides were rehydrat- 
ed For 2 hours in a humid chamber, snap -dried at 
100"C for 1 min, rinsed >n 0.1% SDS, and treated 
with 0.05% succinic anhycrldo preparao in DuTter 
consisting of 50% i-matnyl-z-pyrrolWinone and 

50% baric acid. Ths cDNA on the elides was dena- 
tured in dieted water fnr 2 min at 90 fl 0 Immediately 
before use. Mlcroarrays were scanned wllh a laser 
fluorescent scanner that contained acomputer-oDn- 
trollad XY stags and a microscope objective. A mixed 
gaa, multiline laser allowed sequential excitation off 
the two fluorapnores. Emitted light w&s split aeeord- 

ing to wavelength and detected with two phcrtomui- 

tipiierlubeg. Signals wore read Into a PC with the use 
da 12-blt analag-to-dlgltal board. Additional details 
o1 rnicroarray fabrication and use may be obtained by 

mftans of e-mail (pbrownfflcmgm. Btanfor^.edlO- 

4. F. M. Ausubel et si, Eds.. Currant P^otocote in Mo- 
tacutar Biology (Greene £ Wiley Intersclence, New 
York, 1994, PP. 4.3.1-^.3.4. 

5. Polyadsnylated [poly(Al * I mRNAwas prepared from 
total RNA with m use of OligotQX-ct rasin {OiaQert}. 
Reverse transcription [HT) reacttons werecarriad ggt 
wth a StrataScript RT-PCR kit (Straiagene} modified 
aa follows: SO-ntl reactions contained 0.1 ug/jJ of 
Arabtdopsis mRNIA, 0.1 ng/jJ of fiuman ACnR 

(TlRNA, 0.05 fL^fil Of Olifio(dT) (21-mer), IX firgt 
strand buffer, 0.03 U/p-' <rf rfognuclesse blocK, 600 
tiM deoxy adenosine triphosphate (dATP). 500 
o^cwyguan&slnft triphosphate t soo ilM dTTP, 40 

p.M datoyCytDfiina triphnflphfite {dCTP), JO ;lM flu- 
OTBanBin-12-dCTP (Dr limine- 5-dCTP), and 0.03 

U^i of StratsScript reverso trsnscriptase. Reactions 
were Incubated for 60 min at 37'C, precipitated with 
olhand, and resuspended in 10 ^il of TE (10 inM trie- 
HCI end 1 rtiM ECTTA, pH B.Q). Samples were then 
heated for 5 min at 94 ft O and chilled on be. The RNA 
was degraded by adding 025 |xl of 10 N NaOH 
fallowed by a io-rnin indication at 37 W C. T>ie sam- 
ples were neutralized by addition of 2.5 |il of 1 M 
trig-Q (pH end 0-25 ^\ of 10NHO and precip- 
itated with ethanot, Pellets wore washed with 70% 
ftthanoj, dried 1o complation in a speeuVac:. rBsus- 
pended in 1 D of H^O. and reduced to 3.0 ^l in a 
apeedvac. Fluorescent nucleotide analogs were ob- 
tained from New England Nuclear (DuPont). 
Hytiridi^etion tactions contained 1 ,0 |aI of fluorescent 
cDNA synthesis prodiKl (5i and 1 .0 ulI of hybridization 
buttar LID* saline sodium citrate (55Q and 0.2% 
SDSJ. Tha 2.0-mJ probe mixturee ware alquded onto 
the rnicroarray surface and covered with ccwer slips 
lt2 mm round). Arrays wore transferred to a hybrid- 
ization chamber (3) and incubated for 1 B houre et 

65 : 'C. Arrays warn washnd for ft min gt room temper- 
ature (?TO in low-stringency wash buffer (1 * SSC 
and 0.1% SDS). then for 10 min at room temperature 
in hiflh-slrfngency wash buffer (0.1 x SSC and 0.1% 
SDS). Arrays w&ro BOinned in 0. 1 x SSC with the use 
of a lluorescence leser-actinnnq device (d). 
7. Saxnpies ot poiy(A) ■ mRNA [4, 5) were spotted onto 
nylon membranes (Nytran) and crossilnked witn ui- 
traMowt lignt witn me us& or a StrataEnker tsoo 

[Strntag^na). Probes were pfeparad by random 
priming with the? uge gf 9 Prime-It Kit(St'atasef>e) In 

the presence of F'PldATP, Hybridizations were car- 
rlcri out according to the instructions oF the m&nu- 
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Severn combined immunudtffcicncY hsmi- 
ciateJ with inherited deficiency cf ADA 
(/) is usunlly fatal unless affuetL'd children 
are kept in pruttxtive isohuion or the im- 
mune system is reconstituted hy hone mar- 
row transpliintatmn tmm \\ huttlftrt leuko- 
cyte antigen (HLA)-iJtiiiticnl jithliny dcinor 
(2). This is the therapy of chiiice, althnu^h 
ir is avnlkhle only for » minority of patients. 
In recent yean, other for in* of therapy huvc 
been developed, including tfaiwplant* from 
hnpliudcntical donors (3,4), Kxojjenous cn- 
zymc replacement (5), and wimaric-ccll 
£€ne therapy 

We previously reported <\ preclinical mixl- 
cl in which ADA kchc transfer nnd expansion 
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successfully restored immune function* in hu- 
mtm AHA-deficiont (A1^)A") periphml 
hkxxl lymphocytcii (PBLh) in immucwidcfi- 
dent mice in vivo (10, J ))* On the hftsis of 
rhese preclifiirJ results, the clinical applica- 
tion of ^enc therupy ft>r the tnftitment of 
ADA" SCID (seven: comhini:J immunodefi- 
ciency disease) patients who prcvkuwly fulled 
fcixo^enoua enzyme replrieomonr th^r^py 
approved hy our Irutitutiomd Ethical Com- 
mlttec?i fitul W the Itnlinn Nwtionnl < ^ommit- 
ree for Bioerhics Iti oddUUm to evaluat- 
ing the safety «ind erficiicy of the gene therupy 
procedure, the nim of the study wns to define 
the rotative tole of TDLti und hemntoj-Hiietic 
stem celbi in the lonj»-term reconwiiurlim of 
immune functL>ns iifter retroviral vecri>r-t\x^- 
dinted AHA ^ene rrnnsfer. For this purpose, 
tw<i structurally identic.il vectors expre^siuK 
the humnn AHA anuplcinenniry DNA 
(cDNA), distinntiishiihlc by rhe presence of 
tilremnrive restriction aiim in ii nonfunetiiM-uil 
region of the viral lonfi-tcrminal repeat 
(LTR) t weix- uk\I to tntnsJuce PBLs and bone 
mnrrow (RM) independently. This pfiv 
ctJuro allowed identification of the origin of 
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cells, and their progeny, after tfenc transfer. 

This combined therapy and marking 
strategy allowed us to investigate directly ill 
humans some of the hasic question* rel»ced 
to the potential of retroviral vectors for 
gene therapy in cclU of the hemato-lym- 
phopoictic lineages. Although tfene rraftifet 
into human hetYLiitopotctlc progenitors {13, 
H), peripheral bUxid Stem cell* (15), and 
PBLs (I6-IS) has been extensively demon- 
strated in vitro, the potential for Inng-term 
survival in vivo after the manipulations re- 
quired for retroviral vector gene transfer 
remains to be proven* In addition, this 
study allowed us to *tudy the feasibility of 
gene transfer into hematopoietic stem ?nj 
progenitor cells, and the potential for lonfrj- 
rerm persistence of difFefetAtiatcd cells in a 
context different from high-dos* chemo- 
therapy and BM transplantation (19—20- 
ln this system, however, the positive selec- 
tion may represent an absolute requirement 
for favoring the appearance of vector-trans- 
duced cells. 

In ADA patients, failure of im- 
mune System to develop is Jut* to the *en- 
sitiviry of lymphocyte* or their precursor* to 
the toxic effects of accumulated ADA sub- 
strates (22), Because it is possible to reduce 
the levels of toxic metabolites in ADA 
ceUs hy providing exogenous ADA (23), a 
nonselective form of ADA replacement 
(that is, transfusion of irradiated reel cells 
from normal individuals) ha» been used W 
trtiut ADA'" patients (24), An improved 
form of treatment was developed by cova- 
tent attachment of polyethylene glycol 
(PEC3) to the purified bovine enzyme (2J, 
25). PEGilatiort appears to block access of 
detfradative enzymes, antibodies, and anti- 
gen-presenting cells to the protein surface, 
thereby inhibiting clearance from rhe cir- 
culation (26 -23) and prolonging ADA 
plasma half-life from a few minurcs to 24 
hours (23). The main biochemical conse- 
quences iif ADA deficiency art! almost com- 
, pletely reversed by PEC-ADA treatment 
(23), resulting in m\ increase in circulating 
T lymphocytes and improvement of cellular 
immune functions (23, 29), 

In our study, treatment in two patients 
IG,B., patient I; A.R., puticnt 2 (30); both 
about 2 years of age] was initiated with 
weekly intramuscular injections of incrtto- 
in K doses of PEG- A DA (20 and 30 U per 
kilogram of body weight) until plasma 
ADA activity could he maintained at least 
in the normal range of total blood Activity. 
The nmpe of ADA activity was stable be- 
rween 20 and 40 |Xmol hour 1 ml " Before 
initiation of trenrmcm. both patients had 
nearly undetectable intracellular ADA ac- 
; tiviry, tuvi lymphopenia was observed in 
both patients. Approximately 50% of blood 
mononuclear cell* reacted with monoclonal 
antibodies to T cell surface antigens, and 



their proliferative response to mitogens 
ranged from virtually undetectable to 10% 
of normal controls. Both patients showed 
WtW tctiponsu in mixed lymphocyte cul- 
ture, although they produced no specific 
antibody and showed no antigen-restricted 
T cell response. Residual immune function* 
were probably due to previous irradiated red 
cell transfusions. Dutiruji the first year of 
PEG-ADA treatment lymphocyte counts 
and proliferative responses to phytohemag- 
gluttnin (PHA) normalized. 

Immunological feeottetitution resulted 
in increased isohemoagglutinin titer and in 
cellular and antibody responses to vaccina- 
tion with tetanus t.oxuid (TT) (31). Asso- 
ciated with reconstitutiim of immune func- 
tions was the complete reversion of all clin- 
ical signs of immunodeficiency* However, 
as reported elsewhere {29), the initial re- 
constitutkm in this case was limited by the 
failure ro maintain PBL count!* and, more 
markedly, antigen -specific and nonspecific 
paillferative responses. At that point, the 
two patients met the conditions that define 
PEG-ADA treatment failure, as reported in 
our approved clinical protocol (12), Failure 
of treatment w*s defined by an extensive 
number of laboratory paramerera and immu- 
nological assays (12), In both patients fail- 
ufc t^f treatment was observed in the ab- 
sence of any acme illness or open infection 
cpiwxJes and wiu confirmed in three sepa- 
rate determinations. Waiting for potential 
recurrence of clinical symptoms auch as in- 
fectious episodes, or failure of thriving was 
considered to ho in appropriate. 

Early development of T celk obtained 
during PEG-ADA treatment was crucial to 
trw implementation of the |*ene therapy 
protocol, Adminidtwion of PEC- A DA 
continued throughout the study period, al- 
though at decreasing amounts. Therefore, 
the relative- roW of gene-corrected cells and 
PEG-ADA trearmenr remains to be com- 
pletely defined, an issue that will be ud- 
dtttmsd during the continuation of this 
study. 

The aim of our Study was to evaluate the 
safety and efficacy of the retroviral vector- 
mediated tfenc transfer procedure and to 
define the relative role of PBLs and BM 
stem and progenitor celU w effectors of 
lonK-tcrm rccomtitutLon of immune func- 
tion* after gene transfer. For this purpose* 
we constructed two diffcrenr retroviral vec- 
tors, DCAf and DCArn, expressing the hu- 
man ADA cDNA undeT the contrtil of its 
own promoter, which were uaed m infect 
PBL* and BM cells, respectively (Fig. 1). 
Both vectors are baaed on rhc double-copy 
(DC) design (32) and m Structurally iden- 
tical except for the presence of alternative 
restriction bites (MLu I in DCAland Bss Hll 
in DCAm) in a nonfunctional region of the 
viral LTR (33). Thi* feature allowed un- 
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equivocal tracinu, of the origin (BM or PBL) 
of the transduced cl41 progeny in the circu- 
lation by a simple polymerase chain reac- 
tion (PCR) analysis on Renomic DNA (34). 
Both vector * were packaged in the ampho- 
tropic GP+flw Ami 2 «H line (33), FBLs 
and T cell-depleted BM cells were trans- 
duced ex v i v O either by multiple exposure 
to cell-free viral riuptm&tftnt w W c^>culture 
with irradiated packaging cells (35, 36). 
Gefic transfer efficiency increased from I to 
2.5% up ro 40% in ustal PBLs, with the 
introduction in the procedure of a new 
packaging line and of coculrivatiun. Gene 
transfer efficiency into CFU-OM mid 
BFU-E hemat(Hwietic progenitors avera^l 
30 to 40% t a* described (37), These fre- 
quencies were estimoted by cloning in lim- 
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Fig, 1, (A) Structure of the DON (lymphocytes) 
find DCAm (marrow) proviruses. A human ADA 
minigena (promoter + lull-length cDNA) was in- 
serted into the LTR U3 region of a Moloney murine 
leukemia virus-derived retroviral vector (DOA) (32, 
33). For construction Of two vectors that could be 
distinguished from each other after integration 
into the target cell genome, the unique Mlu f re- 
striction site present in a functionally irrelevant re- 
gion of the LTR in DCA7 was converted Into a Bsa 
Hll site in DCAtf? (enlarged map). The hatched 
boxes indicate the location of the PCR primers 
used to delect vector DNA in target ceils and for 
vector identification. (B) PCR Identification of the 
vector Integrated into the lymphocytes or patient 1 
3 months after initial administration ot DCAMrem- 
ducad PBLs and DCAm-tranaduced BM cells, 
showing the PBL origin ot the transduced emu- 
lating lymphocytes. C, control (uncut PCR prod- 
uct); m, marrow-specific Bse Hll cut present in 
DC/VD-trensduoed cells: I. lymphocyte-specific 
Mlu I cut present in DCAMransduced cells. PCR 
amplification of DNA Obtained from the DCAf and 
DCM) packaging cell fines (Am 1 2) is shown as a 
control. 
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itmK dilution (38) »rul Kcmi-aoliJ colony- 
fivminu «MHys (39), respectively, in the 
presence or whence of 0418 and arc che 
resuh of tKc arcnJy improvement in Kith 
cell-free infection -.mil ^Cultivation thnt 
wc have produced in recent voar* (JO, 1 J . 
18, 37). In particular, nur htu been m 
incrotise jjene Tfflivsfcr frequency while 
miiimaminy phenurypo, immunv repertoire. 
mi in vivo rurtentinl for nxollfanitiun, Jit- 
ferciKiftlUul. tttiJ survival. For this purpose, 
short cultivation rime under conditions of 
low intcrfcukln-2 ( U.-2) concentration 
were developed for the activation and in- 
fection irf PBU 05), while BM cdh were 
maintained in a lonj»-term culture system 
over adherent Lvyers without addition of 
exogenous Krowch fnetor* k anj w*re infect- 
ed during the first * Jays of culture (.36), 
This system produces minimal losiof Jiffer- 
erituition capacity <md potential for in vivo 
hematopoietic reetwwririitlon WO). No 
G418 election was uppluiJ m infected 
PBL* or BM cells before reinliiHion. Trans- 
duction efficiency nnd production of rho 
vuorof-dofivvd ADA in infected cells wilh 
determined hy VCAl mi thin-layer chroma- 
toKmphy (TLC). respectively (41). 

Ill vivo administration of ^eneticnlly 
modified celt* he^n in March 1992 for 
patient 1 and July 199*5 for patient 2. Pii- 
rienr I received 7.24 X 10* IXAl-mms- 
JuceJ lymrWtea und 0.35 x iff* DCAm- 
triirwducixl prci^cllitor cells in nine injee- 
tionH aJminUtered intrftwhously (i.v,) over 
h period of 24 months. Patient 2 received a 
slightly smaller number of cells in five in- 
jections over 10 months. 

We. bee>m monitor injr the pcrsisrence of 
vector-lrnasduecd cells at monthly (or hi- 
monthly) intervals from the first infyAiott- 
Annlyscs were performed both on bulk pop- 
uLatiuzu of cells of different origin, for the 
indication of origin of tnuwdnced cells, and 
on clonal aHSJiyw for quantitation of tra- 
duced RM nnd PBLv Six months after the 
beginning of rrciiumefit> loi^-term survival 
of transduced cells wiw demonstrated in both 
patients by the presence of vector-derived 
«Ciuer*ce?i in the ON A extracted from pe- 
ripheral Wood mononuclear cells, total BM 
cells, mature ^i-Liuilocytcs (Fij«. ZA), individ- 
ual T lymphocyte chines (Fif*. 3), and BM 
progenitors (BFU-E, CFU-GM. and CRJ- 
GEMM) in clonal culture WJ). ADA pro- 
duction at levels s\jhHWiuially ^renter than 
observed in untransducd ADA controls 
wiW observed in VDLs HM, and uranukicyie* 
(Flp. 2Cy The pmnortion of genetically 
- modified cells in BM and circulating blood 
vws monitored throughout the Study by 
iind T cell clonal assay in the presence of 
G41b\ and indirectly from the amount of 
ADA activity in roml cell populations from 
BM and peripheral blood. In both patients, 
ihis proportion ranged between 5 ami 10% 
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of donahle BM progenitors and between 0,8 
and 8.5% in PBU Total ADA activity 
ranged between 5 and 18% of normal values 
in both patients' nucleated cells in the 
blood. Sixteen months otter discontinuation 
of treatment, ADA activity in totttl circukt- 
inji nuelented cells was 1 26 nmol hour per 
milligram of protein in patient I nnd 77 
nmol hour -1 per millitfrom of protein in 
patient I (internal normal control, H57 
nmol hour"' 1 rer millinram of protein; for 
method *eo IcfiCnd to Fy>* 2)r At the same 
time, in patient 1 , the frequency of mms- 
duccd 041S-«sfatant T cell was 4.76% and 



that of clonable RM proRenitoTs wis 25%; 
in patienr 2 these frequencies were 2 01 
and 17%, respectively. During thU period 
in patient 1, and more recently in patient 
2, ADA activity became reproducibly de- 
tectable also in circubrinp erythrocytes 
(Fiji- 2C), Vtxtor-derived ADA activity in 
individual T cell clones was comparable 
to, or higher than, that of normal controls 
(legend to Fi^. 2C) t us observed in T cells 
th^t Survived in vivo selection in the human 
PBL-SClD mnuw precUniail mixiol (fD, 
f f). ADA activity in Neo-retont BM col- 
onies iilso avemjsed norm t )l levels (4J)- 
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Fig. 2. Persistence of 
transduced hematopoi- 
etic cells tn vivo and anal- 
ysis ci their origin. During 
3 years after Initiation of 
the gene therapy trial, 
persistence of trans- 
duced PBLs and BM 
cells* and expression of 
vector-derived ADA ac- 
tivity were docunnsntsd 
at regular Intervals. (A) 
Detection of transduced 
cells by PCR analysis for 
the NeoR gene was con- 
sistent throughout the 
follow-up of patient 1 in 
PBLs {L). BM cells (M(. 

S^TJTtm positive and negative controls, ^actively. (Bl Analysis of ^ identity of the 
Segr Sd vector showed that vector-po^e ^phocyte* were initblly dl forn ong-hved 

SucBd PBLs ^ damenstrsnod by the presence of the DCA/ -specific PCR pattern (7 and I 19 
rnS whenS BM and granulocytes s haw«d th 9 DGA^-speclfic pattern {21. 29, and 35 months). 

IS^^^OBi from PBLs. indicating progressive conversion of the cir culatlr 
modify lymphocyte pcolfrom a predarrrantty PBL-derlved to a BM W^: d ^S5S? S 
months), Thm observation was further confirmed by the anelys.s of Neo-res.s an . «J 
™ IFig 3) (C) Jn parallel, vector-derivfed ADA activity was monitored by TLC in total PBLfl t « j and BM 
SSSSfiR 1 • G Sranulocyte* R red bloodcelts. Two ^ 

(mean ± SE) from a pool of normal individuals (A), and ADA activity from a polyclonal P^L line from the 
EmTpfltM transduced In vitro and selected in G41 8 (A). Ly sates were prepared from 1 x i r> cells in 
10 ul of CGLB buffer by three cycles of freeze and thaw, ADA enzyme activity was analyzed by the 
K SS^Si coercion assay followed by TLC (37] Cell lysatos ^rnWMdu^ c onea 
r4 xTcells) were normalized for protein content by the BIO- RAD protein assay (BiO-Rad LMn 
GmbH, Munich, Germany), Furtive and native controls were, rttpwhwly. (yHdM item normal PBLs 
and uninfected IL-2-stimulated ADA PBLe, because IL-2 stimulation 15 imported to Ihe 
SienS of ADAexpre 99 lon in ADA oeHs (37). TLC plates weeded for3 day* ™^^™^ 
(Molecular Dynamics, Sunnyvale, Califomi?). Ratio of adenosino conversion is expressed as nmol hour 

my 



Fig- 3 - 0ri 9 in d T cel1 Am1£ ^ 

clones obtained from the 0CAf DCAm 
peripheral blood of patient 
1 pop) and patient 2 (bot- 
tom) 1 year after discon- 
tinuation of treatment 
Clonabla T cells contain- 
ing the DCA/ vector di- 
minished markedly (patient 1) or became nearly 
undetectable [patient 2), and were replaced by 
BM-derlved T cells, marked by the presence of 
the DCAm vector. Numbers Indicate representa- 
tive individual donee. PCR amplification of DNA 
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obtained from the DCA/ and DGAm packaging cell lines (Ami 2} is shown as a control. 
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Spontaneous rcvc-rtants (A DA- positive, 
vector-negative) were not observed in ei- 
ther peripheral blood or BM. 

Initially, the analyst a of the retroviral 
vector amplified from the DNA of circulat- 
ing lymphocytes indicated that genetically 
modified cells were derived from a pool of 
lon^- lived PBlj originally transduced with 
the DCAl vector (Fig, 1 R). Thi$ finding was 
consistent throughout the period of admin- 
istration of transduced PBLs and BM cells 
(Fig. nf 7 and 19 months, for example), 
whereas total BM cells (Fig- lb, at 21 and 
35 months, for example) and circulating 
granulocytes (Fig, 2B, at 29 month*, for 
example) always showed the DCAm-specif- 
Lc restriction partem or marrow-derived 
cells. However, mhout 1 year after discon- 
tinuation of gene therapy, both PBL- and 
BM -derived lymphocytes were detectable in 
the circulation (Fig. 2B, at 35 months). At 
that time, Neu-resist.ant t clonable T cells 
containing rhe PBL-specific DCAl vector 
sharply decreased (Fig, 3, patient 1) or he- 
came undetectable (Fig. 3, patient 2) and 
were progressively replaced in the circula- 
tion by T cells containing the BM-6pccific, 
DCAm vector. To confirm this important 
finding, we evaluated two additional time 



Fig. 4- Immune reoonBti- 
tution during the PEG- 
ADA and gene therapy 
trial for patient 1 (left) and 
patient 2 (right). 
CD4 t . and CDS' lym- 
phocyte counts are plot- 
ted against age for ths 
duration ot the trial. Dos- 
es of PEG-ADA adminis- 
tered to the patients are 
shown in the upper part 
c4 th© graphs, The black 

bcwea (GTJ indicate the 



points, subsequent to the data in Fij^ 2 an J 
3, on bulk populations and on T lympho- 
cyte clones- Thirty-tight clones from pa- 
tient 1 were analyzed for their origin; 26 
were derived from marrow, 6 con Id not be 
unequivocally determined, and 9 contained 
the OCAf vector. Similarly, d 49 clones 
obtained from patient 2, 6 could not be 
clearly determined, 6 contained the DCA! 
vector, and all others were derived from 
marrow. 

Thest! results show rhnt shon-tcrm im- 
mune reconstitutkm was sustained in the 
two patients hy a population of peripheral 
blood-derived, ADA-pmducing lympho- 
cytes with a life-span in the circulation 
ranging between 6 and 12 month*. We hflvt 
previously shown that this population con- 
tains both mature T cells and immature, or 
naive, precursors (If, J 8) Conversely, 
long-term reconstitution resulted almost 
exclusively from transduced, BM-derived 
hematopoietic stem and progenitor cells ca- 
pable of tferteratintf multilincage progenies 
of A DA -producing cells, that is, lympho- 
cytes, granulocytes, and (more recently) 
erythrocytes. 

A fundamental hypothesis underlying 
this study was the possibility that genetical- 
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period of admintstraton of genetically modified PBLs and BM cells (ticks indicate Individual injections). 



Table 1. Quantitation of isoagglutinin titer, and antigen- Specific antibDdy production and proliferative 
rasponse after vaccination with tetanus toxoid (TT). IgG, Immunoglobulin G; ND, not done. 





Anti-B isosgglutinin 


Serum titer of 


Proliferative response 


Time of test 




titer 


anti-TT IgG* 






Patient 1 


Patient 2 


Patient 1 


Patient 2 


Patent 1 


Patient 2 


Before immunization 


ND 


1/2 


2,4 


0,2 


0.5 


1.6 


PEG-ADA response 


1/8 


1/16 


1600 


130 


26.4 


15.7 


PEG-ADA failure 


1.8 


1.5 


ND 


34 


1.8 


1.5 


After gene therapy I 


1/16 


1/32 


ND 


B8 


50.3 


67.6 


Afar gene Therapy II 


1/32 


1/32 


ND 


ND 


62.2 


96,5 



•Anti-TT iqg production wag determined In a standard enzyme-linked imrnunosorbeni assay and is reportoci as 
international units to 9 reference standard (Biaflini Reference Standard, Biagini, Florence, Italy), TTT-speciTic T call 
lines were tested tor their capacity to prolireratB in response to TT in the presence of autologous antig&n-praBefrting n^n? 
t.A5\, Proliferation in response ta antigen-presenting cells alone was awayfi < 10.00 cpm. Both patois rec^d the full 
Immunization schedule with TT (three doses} while on PEG-ADA. pattern 2 Showed signs at immune deterioration during 
the immunizBtian schedule. Isoaggluttnln titer, T r-specinc igG titer, and tt- specific T-cell orollferatlon were measured 
at the following times: before Immunisation and befbrn uee Ql PEG-ADA (2 years and 5 months of age (or palient 1 and 
2 years and TO months for paiianl 2), at tha time <?f peaH response to PEG-ADA \2 yeers since tf» beginning of PEG- ADA 
treatment tor patent i end 1 yep- tnr patient 2], at PEG-ADA failure, and twice after gene therapy (6 and G years of age 
tor patient i end 4.§ y«irg and b years for patient 2). 
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)y Corrected cells would benefit frtim a se- 
lective iu1v*nttu& nyur noncorrected cells, 
Our experimental design has made it possU 
ble to obtain dcitH in support of this hypoth- 
esis The first tine of evidence comes from 
the progressive appearance of marrow-de- 
rived PBLs, generated over time from a 
relatively small number of genetically mod- 
ified precursors conrnined in the trmvuiuceJ 
marrow cell population (Firs, 2 and J). 
Additional evidence comes from the anal- 
ysis of the integrated retroviral vector*. In U 
recent comparative analysis of different 
vectnf Constructs designed for Rene transfer 
of reporter gene* m human PBLs, wc dein- 
onstnired that the DC confer. CArfics an 
inherent instability that results in ltsss of 
(he gene inserted in the viral LTR (IS). 
Such instability could affett 50% of inte- 
grated province*, depending on the size and 
nature of the inserted gene- In the present 
Study, the analysis of over 200 T cell chines 
obtained vie different times during the fol- 
low-up of the two patients showed no rear- 
rangement that mifjjht htWc eliminated the 
ADA fjene, and consequently ic^ expres- 
sion. Conversely, loss of the ADA gene 
could be detected only in marrow -de rived 
colonies and T cell duties thnt. hud been 
transduced and cultured in tfitfti, in tht; 
absence of -my positive selection (41). 
These ohitervUtUuis Indicnte that, in ADA" 
SCID patients, ADA-pniducing cells hfive 
a selective adv»ntsige over nonctirrected 
ADA cells, as previously suggested in the 



ft 1 




T 1 1 1 1 P I I I I I I 

20 40 60 60 100 121} 



On* 

ADA ttiiupy 




Pt.2 



Jg 600-. 

a 

g 300 
iOo- 

1D0- 



ao aa 40 so 6o to ' eo 

Agi (month a} 

Fig- 5- lmmun$ reoonetlTutiori during the PEG- 
ADA and gene therapy trial 1or patient 1 (top) and 
patient 2 (bottom). T cell proliferative response to 
mrtogenlc stimulus is presented as stimulation 
index (Cpm d1 stimulated samples divided by 
cpm of unstimulated cells) and is plotted against 
age of the patient 3, Shaded areas indicats thg 
range of trie stimulation index ol normal internal 
controls. Response to TT followed a comparable 
kinetics. Arrow/8 indicate initiation of enzyme re- 
placement therapy (PEG-ADA) and administra- 
tion of genetically modified cells (gene therapy}. 
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Fig. 8. Davelopmentofa 
normal T cell receptor 
repertoire In patient 1 af- 
ter gene therapy treat- 
ment. Different T cell re- 
ceptor V ft -chaln usage at 
the time of failure of the 
PEG-ADA treatment (A), 

1 year after the begin- 
ning of gene therapy (B), 
and 1 year after discon- 
tinuation of transduced 
cell administration (C), as 
analyzed by RT-PCR amplification With V ft Cham-Specific primers (43) 
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human PBL-SC1D mouse preclinical model 
(iO.H). 

Immune recunstitutUm induced by PEG- 
ADA treatment lasted for over 3 years in 
patient 1 and (ut ;i shorter period in patient 
2, despite ndiriinistrotion of a 50% higher 
PEG-ADA dose in the latter {Figs. 4 and 
5), In association with a protfrittstve decline 
in PBL counts, the immune Hspoiue de- 
creased markedly over a short peruvl of time 
(Figs, 4 and 5 and Table 1 ), Administration 
irf pcntitictiUy modified cells r-Apldly restored 
immune functions in both pacicnta, result- 
ing in normalization of total lymphocyte 
counra (Fig. 4) and cclluhr and humoral 
response^ includLtifl sustained tsohecoims- 
flhitinin titer, antigen-specific antibody 
production, and mitogen* and antigen-spe- 
cific proliferation (Fifc, 5 arid Table 1 ), The 
T cell receptor repertoire, analyzed by the 
Vp chain usage* normalized progressively 
(Fifj, 6). In patient 2, the overall response ro 
gene therapy was similar to that of patient 
\, despite fldminittWiOft a smaller num- 
ber of genetically modified PHU and BM 
cells. There have been nn serious infections 
in the two patients throughout the PEG- 
ADA treatment and after rhe beginning of 
gene therapy. The patient* received no oth- 
er treatment, except for high-done immuno- 
glrtrniltna administered intravenously and 
prophylactic antibiotic treatment, both of 
which were discontinued after indications 
of full immunologic reconstitution Before 
the beginning of the PEG-ADA treatment, 
the patients showed severe growth failure, 
ranging below the fifth percentile for height 
and weight. Enzyme replacement and gene 
therapy had a marked clinical impact, re- 
sulting in normalization of height and 
weight. Patient 2, who had a very limited 
Initial response to PEG-ADA, resumed nor- 
mal growth only after «enc therapy. Serum 
chemistry values* Wood Counts, and urinal- 
ysis indicated no toxicity from PEG»ADA 
or gene therapy treatments. Monitoring of 
tbe two patients for the presence of recom- 
binant halper virus was consistently nega- 
tive. 

The icsulta of the long-term follow-up 
have two main implications: the selection of 
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an optimal treatment for ADA SC1D pa- 
tients and, more sencrally, the potential ap- 
plication of similar gene therapy approaches 
to the treatment of generic and acquired dls- 
easoit. Our study cfeftrly indicates the feasibil- 
ity of direct BM cell f?ene therapy; tuwevcr, in 
specific circumstances, gencricelty modified 
PBLs may provide a prompt supply of immune 
effectot cells until development of BM-do- 
rived lytiiph^ytc*. If it is proven to be effica- 
cious over rim*, this procedure could repre- 
sent a less toxic alremnrive to unrelated or 
HLA-mismarched mamw trarwplama. in the 
prospective extension of these results to the 
dostyn of other getw therapy clinical trials, 
gene transfer into hematopoietic progenitor* 
Can be achieved also in the absence of the 
stress conditions associated with cytoreduc- 
tion and BM trarkspUntatkin, However, in 
steady-state homarL^oie^s a Considerable 
rime lug may be required before appearance of 
genetically modified cells in the blood. Under 
these conditions, the positive election may 
represent an Absolute requirement tor favoring 
the appearance t>f vector-transduced celk. 
Such positive selection may he "naturally" 
present in other genetic or acquired diseases 
[far example, acquired immunodeficiency syn- 
drome (AIDS)] or could he built into the 
vector a* a diiis-resistance pene. 

REFERENCES AND NOTES 

— 

1 . e. R. Gifc-istt, J. E. Anderson, F. Cohen, B. Poiiaca, h. 
j. Meuwissan, Lancer II, 1087 (1 972). 

2. R. Hlrscrtom, V. ROGQnar.ManiBCfllco, L Kyrilgky, F, 
ROSGfl, J. C«rt. (wast. SB, 13B7 (1981 1- 

3. Y. flaianx s* ol . SAxtf 61 , 3*1 (1 983). 

d R. J. O'Relllv, C. A. Kocvcr, T. N. Small. J. Brach- 
stein, Immunatetic, flev. 1, 273 (19B9|. 

5. M. S. Hsrshfiald er aL N. Cngt. J. Med, 310. 589 
(1987). 

6. R. Parkman, Scarce 232, 1373 (1QB6). 

7. T. Friedmann, tar. 2«, I275 (1989). 

B. W. F. Anderson, 25*, 808 (1992). 

8. R. C. Mullen, M 260, 926 (1993). 

10, G. Ferrari ct a/, ,fctt 251, 1363(1993). 

11, G. Ferrari et a/. . Blood BQ, 1120(1992). 

12 C. Bordanon ef eif., Hum. Gene Ther. 4, 6i3 (1993). 

13. C. von Kalle er of., Blood 64. 2B90 (1994). 

14. M. Fiasshcfca at sr., &a. bs, sets pgg$). 

15. M. BreQrti et at., ibid. AO, 1418 (1992), 

IB. A. Ko*dei */.,/*«?, (VerMcird Sa USA B7. 473 
0990). 

17. K, Culver di M BB, 3155 (W1J. 
1B. F.Mdvi0os^a/. > a/poc*89. 19880W). 
It). M. K. Brenner et a/„ LffllCOt 341 ( B5 (1903). 



30. M. K. Brefnttr df ., ibid. 342, 1 1 34 (19901- 

21. C, Dunbar staL Blood 85, 3046 (1995). 

22. W. M. Kredich end M, S. Hershfleld, In Tfo Maraoote 
Bases of inherited Dkoass (McGraw-Hill, New York, 
1983), pp. HSMIBa. 

23. m. s. Hershfleld er a., M Ens/. J. werf. 3ie, 5B9 

(1987). 

2A. $. H. Polmar et at., (bid. 295, 1337 (1976). 
25 Y Lavy. M. Harahfield. C. Femandez-Mejla S. ?Q\- 
mar ;JL P&dtatr. 113,312(1969). 

26. A. AbuChOrtSki, T. Van Ea, N. C. P^czyk, J. R, Mc- 
Coy, F. F. DBvia, Cpnwr Trwif, flgp, 63, 1 127 (1979), 

27. R.-L. Ch«n, A. ABuChOwiW, T. Van Eh, W. C- Psl- 
CZuk, F. F. Davis, BiocHm. B'vphyQ. Acts 800, 293 
(1981). 

28. B. Davis. E. Linnsy. H. Fan. r^aiureOI*, 550(1985). 

29. M. 8. Hershfleld. S. Cnaftee, ft. u. Soransen. Pad- 
atr.RQS. 33, S42 (1BQ3). 

30. L. 0. Notarangelo er ai., Fur. J. Ped^fr. isi, an 
(1992). 

31. Both patients were vacclnatdd wwm i&tanus toxoid 

(TT; SwlSS Sarum institute, Bam, Switzerland). To 

evaluate trie number af precursor lymphocytes spe- 
cific to TT. tha Irequency of cells capable of prater- 
aiing in tha presence of Irradiated autologous pels 
that had been pulsed overnight with TTwea evalu- 
ated in a limiting dilution assay. At two different times 
after vaccination, the frequency of TT-spaclflc lym- 
phocyte precursors was 1 : 2500 and 1 :5000 in pa- 
tient 1. This range is comparable to that of normal 
individuals at the same time after immunization. Pa- 
tient 2 showed signs of Immune oat^ioration during 
the Immunization sensduis (Table 1). 

32. P. A, Hsntzopoulos. B. A. Sullangef. G. Lingers, E, 
Gllboa. f°roc. Natl Acad. Bd. USA. S6, 3519 

(19B9). 

33. The double-copy DCA reLroviral vactor, carrying a 
human ADA minigena, has bann described previous- 
ly {32) and ie indicatsd as DCA/ in ihls report. The 
rXAm vector was obtained by olgc&tion. Kienow- 
illllng, and rellgatlon of tne DCw ptefiirtdat the Miu i 
restriction srta in tne polylinkar region ot tne 3" LTR, 
tnus generating a new Bbb Hll site. The Ami 2/ 
DCAn>7 and the Am12/DCA/ *iS clonaJ package 
cell lines were generated by thetnanainfection proto- 
col, as described (tfl). 

$4, High molecular welgm DNa was odrjined from oeiis by 

Standard phanOl-Chkrofarm axtradion $2). A Nw- 

ipeoinc, 302 -bp ftegment looted in the coding region 
of the NeoR gene or a DCA-specHIc TO-Dp Iragment 
epennlng the 3* end of the ADA cDNA. the pctylinker. 
and part ot th9 LTR U3 region, ware amplified from 0.5 
HQ of genomic ONA by 30 cycles of PGR with S U of Taa 
potymerBseiPerkin Elmer, Norwak CT] and 2a pmol erf 
the primers Ueo-1 <5'-GGMGCCGGTCTtGtCGaiD- 
3'), Neo-3 (5' ■aGaGtCCCGctcagaagaag-3'). 
DCA-5 {5'-TCAATGCQGCCAMTCTAG-3'] f and 
DCA-6 {5'-3CT3TTOCATCTGTTCCTGA-3^ DGA- 
gpeoidc PGR products were digested by Bss Hll and 
Mlu I rastrictjon eniymas (Baehringar Mannheim 
GrTl&H, Manhhdim, Germany). Rwctinn mixtures 0' 

loth of ih^ tot&i volume) were separated on a 1 .5% 
agarose ge(, and DNA was dualized by athidium 
bromide staining. DNA was transferred 1o a nylon 
membrane (Hyfaand-N, AmsrRham. BuoWngliam- 
ahire. UK) by DNA capillary blotting [4% and hybria- 
iiadto 10 v dpmof riy P-labelerJ, i.2-kb Hind m-Sma I 

fragment Of pSV2-n00 [43). Of 1 .fl Kb Xh0 1 fragrnent 
Of the ADA CbNA. Filter warn washed undor high- 
StrinoenCy C6nditicma and Bxptpeed tn Kodak X-AR5 
film for 30 mrn t<? overnight at 
35. Freshly isolated ADA PBLa wfjra obtained from 
ADA SCfD patients, FicDil-fractlonated, and grown 
et 10" oetls/ml In 24-well tissue cuilure plates under 

phytOhemagglutinin (PHA) [2 wfni\ BoervingQr 
Mannheim GmbH) and hum^n raqomtjingnt 1*2 IhU- 

rt--2, 1 00 U/mi; Euw^ua B.V.. Amsterdam, Netn- 
eriendg) stimulation In lipopolysaccharide-rree RPMI 
1640 medium supplemented with 2 mM i-glutamine 
and 5% numan Berum. In aubsequent eweriments 
similar levels erf gene transfer could be obtained at 50 
or 1 00 U o1 hu-rlL-2 per mUmr. In tha absence or any 
additional sUmutus (C. Benali er a/., in preparation!. 
After 72 to 96 houra of atimulartion. T lymphocytes 
were cocultivated with irradiated (10,000 roentgen) 
vector-producing cells tor r2 hours in comp&te Du\* 



SCIENCE • VOL.270 • 20 (X-TONKR W95 



tUVi46b^ - jVrJun-UU. UV:10P 




toco's minimum essential rrmcJiurn (DMEM) in the 
prince of t»*ybrono tH ptaM an dngcribed |ifl). 
Celts were washed twice in phosplwie-bufftM saE^ 
fPKD. rtifiuspandod in fresh medium and cultured tar 
3 1o A days. Irarvaduccfl OGIIS wara tootnd fry the 
prawnce Of helper VifuS arid cryopra»rved unia U3C, 
3fr RM rTKXWniiClfia! CStte wbtg ohtgingrj aa aFlcoil trac 
tion and £ruwn far 2 to 3 toys in compile DMEM Bt 
a density of fi X 1 Q ! ' to 6 X 1 Gftteto n 5 * T cell 
depletion ^nd nrugerta osll BnTttimarrt wRre ob- 
inin^d w described {3. 351. Gano tranter was carried 
out by multiple inf&tition cyrJee with cefl-froc. hflipar 
virus- 'lasted viral Buparnetants In tne pressniiB of 
potybrenet (R ng>rnl) (361. BM cells ware maintained in 
a tong term culture system over adhorant layers with- 
oui addlctan of bkogbiibiib growth lactors. and rnted • 
cd during the first 3 days of culture. TransduttoJ calls 
were tssiod for the presence fit hdpGr virus nnd cfyo- 
proserveil until aw. ai that tr-rne, tho Educed cells 
vuere vwisnwi, rasuapendart fn ncrrnal saline contain- 
ing 4% human albumin, pnrj relnfusctd rnlo the patient. 

37. C. Bordignon qftfJ., Pw, Matf. ACStf. &f. U.SA B6, 

SB. pha blasts or antigen -specific 1 cells were ctarted by 
limiting dilution. Tho relative frequencie* at iruim- 



duofid calls waa obtained by conusrlng the pracur- 
aur freqioiny 'in the absence and prsssnca of Q41 B 
(Ron utj/ml), G4i8-rcslslan1 T cell clonns were iso- 
lated and maintained ya cinBcritad {44, fo), 

39. Tho relative Frequencies of transduced UM proyan- 
itur cells wore obtained by comparing Uio froquon 
cy of CHJ-G, CFU-GM. HFU-E, and CJ'IJ-OFMM 
cells In tnc flftsence and pros*™?? Increasing 
doses nr Ca\& p. A 1 -0, 1 .5 mg/irf) as described 
(37). In toleatod nxperimente. individual G4l8-ra- 
sialani colpni^ were wlteCtfKl tor analysis of vec- 
tor trnnstliiition and oxpreasiun. 

40. m. J, Bamotr a ebod 84, 72i 0994). 

/II . 0. BOrdiuriun st a/., d^l^ not shown. 

4? J Sambraok, b. F. FritscK T. Mantalis, Mdecifor 
Cfoniny A Latxrstofy Maoua' (Cold Spring Harbor 
Laboratory, CoJd Spring Harbor. NY. ed, 2, l&Stf). 

43, P J. Southern and P. Berg. J. Mot Ary* Gflrttf. 1. 
327 (1M2). 

-14. A. larvsveccWa, AtoftjrB 314, 53/ 

45. P. Partlna-Bflfdfenon at of., £<;r. J. awwnof, 19. 

46. Y.Choiof ctf., rtw, A/aiUmri. Sff/. USA B6. Qd4l 

47. F. Y," Loh, Ji F. Hlliot, S. Cwirla L. I . Lanier, M. ^. 



46. 



49 



Oovis, Science 543, ?.i 7 (tsan). 
T ce> receptor v^-chmn usage wns ai^aly/ed on 
tranfiducad T o«?ii km by rovorsft transcripteee- 
PCR. tihefty, total RNA was revaran *tran3oribed with 
ofiiiotdT) and oligo(dG) primws et\6 fiufijocred to 
PGR wilh V (1 - or C (t -Bpacif(C o^onuciootides (4fi) or 
to anchored PGR with a fy-sp&cffie ofioanudepiide 
bb dewfiribed WiO. AmpiiTied pruducte were ana^cd 
by agarose gel oiadrophurBsie. 
We are Inctawad to l Rugginri end A. Wackier per- 
fonrnng some of tnn e> vivo aiya in vrMi anaiyoBi rt 
gene tranHtnr rrequery^i to \nc, rturses and dried 
staFf d ihe CiWca PwtiaTrfca, School qi Medbnc, 
University of Brft&ite. tar ahiiiod and dedicated care; to 
A. Amanifli M A. Crnncnn/o for clinical assistance in 
me tatandod nnr? of the two patients: to A. Plobani tor 
daBing ?peciHc antibody production; to M. Hers3J>fleld. 
P. Dellabona. and A. Ballabin for helpful discussions; 
and to t-rvan. Inc.. and Ophan Europfl tor providing 
PEG-ADA bofore conviierclai distribution. Supported 
by granm Iran Tefetnon. rne lUfian Nation?! Research 
Council, and the Italian Ministry ot Health [IV-Vl! AIDS 

26 May 1995; aiOTtcd ?J Septembnr 1095 



T Lymphocyte-Directed Gene Therapy for ADA 
SCID: Initial Trial Results After 4 Years 

R. Michael Blaese,* Kenneth W. Culver, A. Dusty Miller, 
Charles S. Carter, Thomas Fleisher, Mario Clenci.t 
Gene Shearer, Lauren Chang, Yawen Chiang, Paul Tolstoshev, 

Jay J. Greenblatt, Steven A. Rosenberg, Harvey Klein 
Melvin Berger, Craig A. Mullen,* W. Jay Ramsey, Linda Muul, 
Richard A. Morgan, W. French Anderson*} 

In 1990 a clinical trial was started using refroviral-mediated transfer of tr* adenosine 
deaminase (ADA) gene Into thft T cells of two children with severe combined immuno- 
deficiency (ADA SCID). The number of blood T cells normalized as did many cellular and 
humoral immune responses. Gene treatment ended after 2 years, but integrated vector 
and ADA oene expression in T cells persisted. Although many components remain to be 
perfected it is concluded here that gene therapy can be a safe and effective addition to 
treatment for some patients with this severe immunodeficiency disease. 
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The possibility of usins «unc transfer ns w 
dwmpY for hum:m tjiwaw hns tfTWit wpp^il 
The kk'dsion n> enwr clinicvil triiik HwaitiJ 
llw development of »if« rtnd efficiiim Tech- 
niques of trenc triuisfcr nnJ iiuprovcJ un- 
JcTsmntlintf of rhi> r^thulouy iinJ hi- 
L>kit'y «ndcr]yin« likoly catuliAnt' JiacswoK 
unit Tiirtfer cells. The advent useful rerro- 
viml vecrnw rhw permitted relatively ht^dh 
efficiency tfono tninsfcr wnd srnblo iute^rvi- 
tton wus « critical advuncc ( 1 , 2), iw was the 
Liemonritrtuum thid this jweedure of «ene 
tmnssfcr eoulil he effectively sinJ snfoly u^d 
irt hurn'rinH (3). 

Severe c( mihinud imnuinodef iciency 
scuiindary ti) \i pjenctic dofecr in tk purine 
Gitnholic cniymu iukMnwine Joiimin^v 
(ADA SClDj U eh.^ctvrizud hy defective 
T nnd B cell function ,m*l reCutteiU infec- 
tbns, often involving oy>porninirtric ratK<»- 
rcim. Lunjo iiivii HintH of deoxyudenosinc, un 
ADA substrate, wrc present in these pi- 



ricntstdonKyadct^Kirtc is r referent u\ I ly con- 
vened ro the toxic compound dcoxy ade- 
nosine triphosphate in T celU, di^iHinK the 
immunt: >iyMtem (4). 

Ptecauso this Jisciise is curnble hy allo^c- 
neie hone marrow inmsphiiirnrion «iven 
wirhout pretransplfcintiitlon cytiireduc.rive 
aindirionin^, it was initially iHsumcd thiir 
j»enc thempy should he directed vit the bone 
marrow stem cell. However, inirhl titwmpts 
tu use >t«m cell Hene traiufer in primates 
renulted in only low-level, iratwicnt ^er»e 
expression, irwuffieiem fiir cUnlc.il use. The 
ohserviition that the only Amur cclk dc- 
teettxi in -some pnrients "airotl" by ulli^ 
neic K>ne marruw ttansplnntarion was their 
T cell*— the other* anrwininu AOA-deii- 
ciu]U (5)— raised thepossihiliry i>mtT cell- 
directed Kene tKexapy also mtyht be a u«$t\A 

trckitmeiit, 

The introduction nf etuyme replace- 
ment with ADA-amtrtlnintf vtythrocytes 

sc:jhnc:f, ♦ vol. 270 • zoarroHRRiw 



(6) or with bovine ADA conjured with 
polyethylene ulycol (rEO-ADA) [7) has 
made this approach feasible- PEG-ADA has 
provided noncurative, life-xavinj; tratmeiU 
for ADA SOU) r«rientH{ wirh rhis trart- 
menu uuwr p*Uentit have experienced 
weight Kain and decrcar-ed opport\mistie in- 
feeiioas. Full immune rwotwnitum has 
heen low fe^ilvirLy achieved with enzynw 
rhorapy. T coll function as measured by in 
vitro mitogen responses improved in mo*t 
ptUients, but fewer patients recovered con- 
sisrent immune responses ro specific anti- 
gens (f(»r instance, as measured hy nntinal 
delayed-type hypersensitiviry (DTI I) *kin 
w*x rviictivity] (8-J0). Nearly all PEG- 
Al^A-rrciiced patients showed incteaKcvl 
peripheral T cell counts, which pnwiJcd a 
source of T cells for ^ene eorreeuon nor 
availnblo wirhom enzyme therapy, Further- 
more, enzyme treatment could he continued 
durin« the j»ene therapy trial so thai ihv 
ethical dilemma of withholding or .stopping 
a Ufe-savinH therapy ro c<st an unknown 
treatment eould he avoided. 

The adenine deaminiise complemen- 
tary ON A (cDNA) (1H iii l.S kb and fits 
withm n retroviral vector. Wirh the use of 
an AnA-containin^ retroviral vector, 
ADA-deficient T tell lines were transduced 
to express normal am mints tit A OA; thi^ 
rendered them normally resistant ro intox- 
ication and >jniwth inhibition when dwW 
lenjrcd with deoxyavleniwine (12, 1.^). 
Nom» studies In mice, rabbits, and Jionhu- 
man primates iwitiK T cells modifieil wich 
retroviral vector* showed normal coll sur- 
vival and function after their rcinmJuc- 
x\nn inu> recipient animal* (14)- Finally, 
Rordi«non and colleagues (J5) showeil thot 
AHA tfene- corrected T cclLs admired a 
Nurvival advimta«e compord with uncor- 
rected ADA-dcficienr celU when trans- 
planted into iuuiuinodeficient, bur AHA- 
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